The Euglena deses group are common freshwater species composed of E. adhaerens, E. carterae, E. deses, E. mutabilis, and E. satelles. These species are characterized by elongated cylindrical worm-like cell bodies and numerous discoid chloroplasts with a naked pyrenoid. To understand the cryptic diversity, species delimitation and phylogenetic relationships among members of the group, we analyzed morphological data (light and scanning electron microscopy) and molecular data (nuclear small subunit [SSU] and large subunit [LSU] rDNAs and plastid SSU and LSU rDNAs). Bayesian and maximum likelihood analyses based on the combined four-gene dataset resulted in a tree consisting of two major clades within the group. The first clade was composed of two subclades: the E. mutabilis subclade, and the E. satelles, E. carterae, and E. adhaerens subclade. The E. mutabilis subclade was characterized by a lateral canal opening at the anterior end and a single pellicular stria, whereas the E. satelles, E. carterae, and E. adhaerens subclade was characterized by an apical canal opening at the anterior end of the cell and double pellicular striae. The second clade consisted of 20 strains of E. deses, characterizing by a subapical canal opening at the anterior end and double pellicular striae, but they showed cell size variation and high genetic diversity. Species boundaries were tested using a Bayesian multi-locus species delimitation method, resulting in the recognition of five cryptic species within E. deses clade.
INTRODUCTION
The species delimitation is essential for both biologists and the general public because species are fundamental units to understand ecosystem and biodiversity assessments in most fields with living organisms. In addition, taxonomic rank is a language used by scientists to help the public recognize the diversity, ecology, distribution, and evolutionary history of living organisms. However, the morphologically similar and simple features in unicellular algal species can make it extremely difficult to perform species identification and delimitation. In microalgae, an insufficient number of morphological features that could be used to clearly distinguish one species from another enhances the problem of species delimitation. Hidden or cryptic, i.e., morphologically highly similar species, are frequently described in green algae (Lewis and Flechtner 2004, Fawley et al. 2011, Demchenko et al. (periplast mucus papillae) and nuclear-encoded small subunit (nr SSU) rDNA sequence data, but recognized high genetic diversity and extreme variation in cell dimensions. However, that study was limited to only 10 cultured strains of the E. deses group and analyzed only partial nr SSU rDNA sequence data.
Euglena deses is a dominant freshwater species with many morphological varieties characterizing by an elongated cylindrical cell shape, strong metaboly, numerous discoid chloroplasts with a naked pyrenoid and rodshaped paramylon grain in the cytoplasm. Since Ehrenberg (1835 Ehrenberg ( , 1838 first established the species E. deses in drawings, other investigators have described many taxa with morphology similar to that of E. deses (Klebs 1883 , Schmitz 1884 , Lemmermann 1910 , Playfair 1921 , Wermel 1924 , Mainx 1927 , Fritsch et al. 1930 , Braslavska-Spectorova 1937 , Matvienko 1938 , Pringsheim 1953 , 1956 , Popova 1955 , 1966 , Zakryś 1986 , Shi 1989 . However, there was little known about species limitation and phylogeny of E. deses based on morphological and molecular data. In this study, we focused on species delimitation of E. deses, one of the most common members of the genus Euglena. In particular, we aimed to 1) morphologically and genetically differentiate among the Euglena deses group, using 32 strains; 2) examine phylogenetic relationships of the species within group; 3) explore cryptic diversity of E. deses using species delimitation analyses. The present study will contribute to our understanding of the cryptic diversity of the E. deses group.
MATERIALS AND METHODS

Strains and cultures
The strain information and GenBank accession numbers are listed in Supplementary Table S1 . Strains were either obtained from culture collections or were collected using a 20 µm mesh plankton net (Bokyeong Co., Busan, Korea) from small ponds in the USA, the Philippines, Japan and Korea. All of the strains were grown in modified AF-6 medium (Watanabe and Hiroki 1997) and were maintained at 20-22°C under conditions of a 14 : 10 light : dark cycle with 30 µmol photons m -2 s -1 from cool white fluorescent tubes.
Strain identification and observation
Culture strains were observed and identified under an Axio Imager A2 microscope (Carl Zeiss Inc., Hallberg-2012), chrysophytes (Škaloud et al. 2012 (Škaloud et al. , 2014 (Škaloud et al. , Jo et al. 2013 , and diatoms (Mann et al. 2004 , Lundholm et al. 2012 ). This problem is particularly difficult in euglenoids where authors often struggle to differentiating hidden species morphologically, and thus define cryptic species according to the phylogenetic species concept (Kosmala et al. 2007b , 2009 , Kim et al. 2013a , 2013b , Kim and Shin 2014 .
Traditionally, the species of the Euglena deses group (i.e., E. adhaerens, E. carterae, E. deses, E. mutabilis, and E. satelles) were classified according to taxonomic systems based on morphological characteristics. Chu (1946) sorted these species into group II under the genus Euglena using the characteristics of chloroplast shape and number and the presence of a naked pyrenoid. Gojdics (1953) categorized these species into B or E groups according to the number, arrangement and shape of the chloroplasts. Pringsheim (1956) classified the E. deses group into the subgroup Serpentes based on cell shape, metabolic degree and chloroplast type. More recently, Zakryś (1986) arranged these species into both subgenera Discoglena and Calliglena based on characteristic features of the chloroplast, for example small, numerous discoid chloroplasts without pyrenoid and fewer discoid chloroplasts with a naked pyrenoid. Unfortunately, the taxonomy of these euglenoids has been depended mainly on morphological characteristics recognizable by light microscopy. However, for many of these species and varieties, it is difficult to distinguish details because of strong metabolic movements and similar morphological features. In addition, in old cells crowded with paramylon grains, the diagnostic features of the chloroplasts used to identify these species are masked, and a definitive identification of pyrenoids is inhibited. The use of fixatives and dyes as methods to identify these cells remains limited. However, transmission electron microscopy and scanning electron microscopy (SEM) have been increasingly applied to clarify details of cell organelles (Leedale 1967 , 1982 , Triemer 1980 , Walne et al. 1986 , Shin and Boo 2001 , Zakryś et al. 2001 , Kim and Shin 2007 , Kusel-Fetzmann and Weidinger 2008 , Monfils et al. 2011 .
Molecular analyses have also been attempted to understand the phylogenetic relationships among euglenacean species, including species of the E. deses group (Marin et al. 2003 , Shin and Triemer 2004 , Triemer et al. 2006 , Kim and Shin 2008 , Linton et al. 2010 , Karnkowska-Ishikawa et al. 2011 . Recently, Karnkowska-Ishikawa et al. (2011) synonymized all morphological varieties of E. deses to only one species, based on a morphologically recognizable light microscopy character logenetic analyses. All ambiguous positions excluded for the phylogenetic analyses and pair-wise comparisons.
Phylogenetic analyses
A combined dataset of 5,384 nucleotides (nr SSU, 1,653; nr LSU, 766; pt SSU, 1,336; pt LSU, 1,629) was generated for the phylogenetic analyses. The sequences of the six species of the family Phacaceae were used as outgroup taxa because these taxa were shown to represent a basal clade in previous molecular studies of photosynthetic euglenoids (Triemer et al. 2006 , Kim and Shin 2008 , Linton et al. 2010 , Kim et al. 2015 .
Bayesian analyses were performed using MrBayes 3.2 (Ronquist et al. 2012) . A combined data analysis was performed using the four Metropolis-coupled Markov chain Monte Carlo (MC 3 ) with 10 million cycles for each chain. The trees were saved to a file every 1,000 cycles, and the burn-in point was identified graphically by tracking the likelihood values (TRACER v. 1.6; http://tree.bio.ed.ac. uk/software/tracer/).
The maximum likelihood (ML) phylogenetic analyses were performed using RAxML 8.1.20 (Stamatakis 2014) with the general time reversible plus Gamma (GTR + GAMMA) model. We used 1,000 independent tree inferences using the -# option of the program to identify the best tree. The "-f a" option was used in RAxML for the simultaneous search for the best likelihood tree and rapid bootstrap analysis with "-# 1,000" (1,000 bootstrap replications) with default options. Gamma correction values of the combined dataset were obtained automatically with the program (Supplementary Table S2 ). ML bootstrap support values (MLBT) of each monophyletic node calculated using 1,000 bootstrap replications under the same ML setting.
DNA-based species delimitation
We used a recently developed Bayesian method, Bayesian Phylogeography and Phylogenetics (BP&P v3), which aims to detect signals of species divergence in multiple gene trees, even in the absence of monophyly, based on models combining species phylogeny and the ancestral coalescent process, and assuming no admixture following the speciation event (Yang and Rannala 2014) . The marginal posterior probability of 5-species scenario suggested by molecular data was estimated using the program. BP&P gives the posterior probability of each delimited species and the posterior probability for the number of delimited species. A gamma prior G (1, 10), with mean moos, Germany) equipped with differential interference contrast optics. Images were captured with an AxioCam HRc (Carl Zeiss Inc.) photomicrographic system attached to the microscope. For morphological measurements, we used 3-4-week-old cultures of each species. Cellular dimensions were determined by measuring 25-35 cells of each taxon from photographic images. The morphological features, the cell size and shape, paramylon type, canal position, caudal shape and pellicle structure, were analyzed (Table 1) .
Scanning electron microscopy
To obtain fully extended cells, a small volume of cells in liquid medium (1-2 mL) was transferred into the bottom of a small petri dish containing a piece of filter paper saturated with 2% OsO 4 and mounted on the inner surface of the lid. The lid was then placed over the chamber, and the cells were fixed by OsO 4 vapors for 10 min. Four to five drops of 2% OsO 4 were added directly into the liquid medium, and the cells were fixed for another 30 min. The cells were transferred onto 0.45-µm nylon membrane filters (Whatman International Ltd., Maidstone, UK), dehydrated with a graded series (50, 60, 70, 80, 90 , and 100%) of ethyl alcohol or acetone and dried in a critical point dryer (HSP-2; Hitachi, Tokyo, Japan) with CO 2 . The filters were mounted on stubs and sputter-coated with platinum. The cells were viewed under a LEO-1530 FE-SEM (Carl Zeiss Inc., Hallbergmoos, Germany).
DNA extraction, amplification, sequencing, and sequence alignments
All 78 strains, including six outgroup taxa, were grown and harvested, and DNA was extracted from cultured cells as previously described Shin 2008, Kim et al. 2010) . The four genes were sequenced from plasmid-like chromosomes found in cytoplasmic SSU and large subunit (LSU) (Greenwood et al. 2001 ) and plastid-encoded SSU (pt SSU) and LSU rDNA genes Shin 2008, Kim et al. 2013b) . A total of 96 new sequences were generated, including 19 sequences of nr SSU, 21 sequences of nr LSU, 24 sequences of pt SSU, and 21 sequences of pt LSU rRNA genes. All sequences were aligned by eye using the Genetic Data Environment (GDE 2.4) program (Smith et al. 1994) , using the secondary structure of the cytoplasmic SSU and LSU rRNA molecules of Euglena gracilis Klebs (Wuyts et al. 2001, Schnare and Gray 2011) as a guide. The conserved regions of the four genes were readily alignable across taxa and were used for the phy- http://e-algae.org
Morphological observations
The 32 strains of the E. deses group were observed using light microscopy and SEM (Table 1, Figs 2 & 3) . The following morphological features for species identification in this group were analyzed: size and shape of the cell, size and shape of the chloroplast, paramylon type, location of the canal opening, shape of posterior end, presence of pyrenoid, and ornamentation of the pellicle (Table 1 ). All strains had common morphological features such as a cylindrically elongated cell shape, numerous discoid chloroplasts with a naked pyrenoid, and pronounced metaboly.
All of E. deses cells were worm-like and moved by metabolically bending or swimming. The anterior end was rounded with a laterally oriented canal opening (
Free-swimming cells demonstrated a flagellum that was either nearly the same size of the body length or very short. The posterior end was rounded and tapered as acute or wedge. The diameter of the chloroplasts ranged from 4.9 ± 0.4 µm of the Daeriji010910A strain in D2 clade to 9.0 ± 0.8 µm of the Bihaksan031007A strain in D4 clade, and pyrenoid presence / visibility depended on the developmental state of the cell. Paramylon grains were rod-like or thick and brick-shaped and filled in the cytoplasm of the E. deses cells.
The E. deses cells were well grouped by cell dimension in each subclade resulted from the molecular phylogeny and species delimitation analysis. The D1 subclade was composed of five strains with (102.6 ± 12.5-137.3 ± 15.2) × (10.3 ± 2.8-12.1 ± 1.5) µm in dimension ( Fig. 2A) . The D2 subclade was consisted of two smallest strains with (77.5 ± 5.3-83.2 ± 7.2) × (7.7 ± 0.8-10.0 ± 1.4) µm in dimension (Fig. 2B) . The D3 subclade was consisted of six biggest strains with (144.9 ± 8.5-192.3 ± 18.3) × (12.1 ± 1.9-18.5 ± 2.3) µm in dimension (Fig. 2C & D) . The subclade D4 was consisted of six strains with (83.4 ± 12.8-107.5 ± 5.8) × (7.8 ± 0.8-10.7 ± 1.3) µm in dimension (Fig. 2E & F) . The subclade D5 was composed of only one strain with (171.9 ± 9.0) × (17.2 ± 3.5) µm in dimension. The pellicular strips were very fine and spirally arranged (Fig. 3A-L) . Adjoining strips were fused in the anterior end upon entering the canal opening (Fig. 3B, E & H, arrowheads) . The pellicle structure showed that the wide frame was depressed between two sharp processes; the strips therefore looked distinctly like double-tracked strips by SEM (Fig. 3C, F, I & L, arrowheads).
The E. mutabilis cells were (52.3 ± 10.3-81.5 ± 5.2) × (7.9 ± 0.4-10.4 ± 1.2) µm in dimension (Table 1, Fig. 2G ). The canal opening was placed sub-apically, pellicular strips 1/10 = 0.1 (one difference per 10 bp) was used on the population size parameters (s). The age of the root in the species tree (τ0) was assigned the gamma prior G (2, 2000) which means 0.1% of sequence divergence, while the other divergence time parameters were assigned the Dirichlet prior. Each analysis was run twice with 10 6 generations to confirm consistency between runs. The burn-in point was identified graphically by tracking the likelihood values (TRACER v. 1.6; http://tree.bio.ed.ac.uk/software/ tracer/).
RESULTS
Phylogenetic analyses
The phylogenetic trees with supported values constructed from the Bayesian and RAxML analyses had identical tree topologies (Fig. 1) . The Euglena deses group (E. adhaerens, E. carterae, E. deses, E. mutabilis, and E. satelles) was monophyletic with strong support values within the genus Euglena (posterior probability [PP], 1.00; MLBT, 100) and divided into two major clades. One clade consisted of the E. mutabilis subclade and the E. satelles and E. adhaerens subclade (PP, 1.00; MLBT, 83). The E. mutabilis subclade was composed of 8 strains and formed a monophyletic lineage with strong support values (PP, 1.00; MLBT, 100). The E. satelles and E. adhaerens subclade consisted of two strains of E. adhaerens, one strain of E. carterae and E. satelles respectively, and formed a strongly supported monophyletic lineage (PP, 1.00; MLBT, 100). The other clade consisted of 20 strains of E. deses and formed a monophyletic lineage with strong support values (PP, 1.00; MLBT, 100), and subdivided further into five lineages with strong support values except for the branch between D1 and D2 subclades (PP, 0.64; MLBT, 58).
Species delimitation
We used a species delimitation method (BP&P) for 20 strains of E. deses based on the combined four-gene sequence dataset. Species delimitation results indicated in the species phylogeny (Fig. 1) and supported four cryptic species of E. deses (D1-D4; with SPP = 1.0 for each clade) with one additional single taxa D5 . The result obtained from the species delimitation method was completely congruent with cell length parameter (Table 1, Fig. 1 ). roplasts were discoid-shaped and 4.9 ± 0.7 µm in diameter. The canal opening was positioned apically, and the canal opening was terminal and clearly visible (Figs 2I, 3S & T) . Under SEM, the anticlockwise spirals of pellicular strips showed weak double striae in the middle part of the cell (Fig. 3S-U) . The pellicle appeared more delicately striped near the anterior and posterior end. The strips became narrower but were not confluent before entering the canal.
DISCUSSION
Cryptic diversity in euglenoids has commonly been unveiled by molecular markers and in combination with morphological data (Kosmala et al. 2007b , 2009 , Kim et al. 2013a , 2013b , Kim and Shin 2014 . In this study, molecular reassessment revealed the presence of five cryptic lineages among 20 strains of E. deses using the Bayesian multi-locus species (BP&P) delimitation method. Each lineage was adequately distinct from the others to regard them as separately evolving lineages. We validate the five reached into the canal, and the flagellum ended inside ( Figs 2G & 3M-O) . The few chloroplasts were discoidshaped and 13.3 ± 0.9-19.0 ± 2.0 µm in diameter. By SEM, the anticlockwise spirals of pellicular strips showed strict single stria in the middle part of the cell (Fig. 3M-O) .
The E. carterae cells were 98.4 ± 7.9 µm in length and 10.4 ± 1.3 µm in width and were oblong and worm-like with a broad, obtuse and rounded posterior region (Fig.  2H) . The E. carterae SAG1224-22 cells demonstrated an apical canal opening and pellicular strips with double striae. Their movement was metabolic, bending and slowly creeping. The flagellum never exited the canal opening. Small ellipses paramylon grains filled the cell. The canal opening was positioned apically. The pellicular strips were not visible by light microscopy but showed faintly double strips under SEM (Fig. 3P-R, arrowheads) . SEM revealed an anticlockwise arrangement of strips that became narrower near the canal opening, and pairs of strips became confluent before entering the canal (Fig.  3P & Q) .
The E. adhaerens cells were 92.8 ± 9.0-124.1 ± 8.2 µm in length and 9.3 ± 1.1-13.9 ± 1.4 µm in width. The few chlo- addition, many authors have recognized huge size differences in populations of E. deses (Ehrenberg 1835 , 1838 , Lemmermann 1910 , Playfair 1921 , Wermel 1924 .
Other diagnostic characters, such as shape of posterior end and paramylon have been used as important characters to identify forma or varieties within E. deses (Pringsheim 1956 , Zakryś 1986 . In this study, the caudal and paramylon grain shape were not considered important characters because the strains with an acute, wedge, or rounded posterior ends were intermixed in D2-D4 clades, and the various paramylon grain shapes were not limited to a specific clade.
Recently, the papillae, forming rows of mucus along with pellicular strip, was used as a key character differentiating E. deses from other species within the group (Karnkowska-Ishigawa et al. 2011 ). When we observed the cells of E. deses, we could not see any papillae (dots or darken dots) even if the cells were stained with neutral red ( Supplementary Fig. S1 ). However, when the cells were pressed by a coverslip as water becomes dry out, the mucus-like cytoplasmic fluids were produced (Supplementary Fig. S1B & S1G) . Therefore, the papillae may be an artifact and not a reliable diagnostic character for E. deses.
Another notable morphological feature among species of the E. deses group is the position of the canal opening. This morphological characteristic was congruent with our molecular phylogeny. Both E. deses and E. mutabilis demonstrated a lateral canal opening with a slight depression or lip. However, E. deses has a double pellicle strips with a wide median depression between the keel and the overhang, whereas E. mutabilis had a single stria. E. carterae, E. satelles, and E. adhaerens presented an apical canal opening. In particular, the anterior part of E. carterae was narrowly extended, and the canal opening was centrally positioned at the anterior end. Additionally, the strips were broader in E. satelles than E. carterae, and E. adhaerens demonstrated a plateau-like, flat frame of the strip along the entire cell (Fig. 3U) .
E. deses var. carterae was established first by Pringsheim (1953) as a variety characterized by cell division in brackish water, the lack of a flagellum and the presence of a small stigma. Later, Marin et al. (2003) raised the variety E. deses var. carterae to the species E. carterae based on a molecular phylogenetic analysis showing its location outside of the E. deses clade as an independent clade. The morphological features of this species also indicated that E. carterae could be differentiated from E. deses by the presence of a pellicular ridge with a narrow strip (A or M-type) (Kusel-Fetzmann and Weidinger 2008) . More species scenario for E. deses, and five clades (D1-D5) was also suggested by molecular data (as phylogeny and speciation probability results). Based on our data, this study largely supported a traditionally recognized and circumscribed E. deses sensu stricto species (D2 clade, included SAG1224-19b strain) as a distinct lineage. In addition, larger cell-sized strains were divided into four distinct lineages (D1, D3, D4, and D5 clades). The phylogenetic results were nearly congruent with that of species delimitation result suggested by species delimitation analysis. Therefore, our data supported that the size diversity of E. deses correspond to five clades by species delimitation method and may thus indeed represent closely related species.
Many taxonomic issues of E. deses has occurred as it is one of the most common species in the genus. Since being established by Ehrenberg (1835 Ehrenberg ( , 1838 , Klebs (1883) erected a new variety, E. deses fo. intermedia, based on lack of pyrenoid. After that, many new forma and varieties were described based on cell dimension, chloroplast morphology with or without pyrenoid, paramylon morphology, and habitat (Lemmermann 1910 , 1913 , Playfair 1921 , Wermel 1924 , Fritsch et al. 1930 , Deflandre and Dusi 1935 , Pringsheim 1953 , Popova 1955 , Zakryś 1986 , Shi 1989 ). Marin et al (2003) (Fig. 1,  Supplementary Fig. S1 ) and matched well with size class (D1 clade, 103-137 µm; D2, 78-83 µm; D3, 145-192 µm; D4, 83-108 µm; D5, 172 µm). Pringsheim (1956 ) also tried to categorize his culture strains of E. deses based on cell size to four groups (group I-IV). However, he was not convinced about these size ranks because his clones seemed to show different dimensions of cell body and chloroplast. In euglenoids, morphological variations can occur in culture over long periods or in different environmental conditions (Popova 1966 , Zakryś et al. 2002 , 2004 , Kosmala et al. 2005 , 2007a , 2007b , 2009 , Karnkowska-Ishikawa et al. 2011 . Therefore, our data largely coincided with that of Pringsheim (1956) and support that cell size is one of most important characters within the E. deses clade. In deses strains showing eyespot (ES), chloroplast (CP), paramylon (PA), pyrenoid (PY), pellicular strip (arrowheads), and papillae (arrows) (www.e-algae.org).
recently, Karnkowska-Ishigawa et al. (2011) suggested that two species, E. carterae SAG1224-22 and E. satelles ASW08093, could be combined into E. satelles. However, our results did not support this idea, as these two stains were clearly separated according to morphological and molecular data. E. carterae SAG1224-22 and E. satelles ASW08093 showed a sister relationship in our tree (Fig. 1) and demonstrated unique pellicle strips; E. carterae had more narrow double striae in the pellicle strips than that of E. satelles. In addition, both species differ by 30 µm in cell length (E. carterae SAG1224-22, 98.4 ± 7.9; E. satelles ASW 08093, 128.3 ± 9.5).
We analyzed detailed morphological and molecular data among the E. deses group and observed a high morphological diversity among strains of E. deses in terms of cell size and tail shape. This study provides clear diagnostic data to identify the following five species by morphological and molecular analysis: E. deses (subapical anterior part, double striae), E. adhaerens (apical, weak double striae), E. carterae (apical, narrow double striae), E. satelles (apical, double striae), and E. mutabilis (apical, single stria). Molecular reassessment revealed the presence of five cryptic lineages in E. deses using the BP&P species delimitation method and congruent with molecular phylogenetic result. This study supported five species of E. deses-like by morphological diagnostic characters, and assessed cryptic diversity within E. deses species.
